Behnke BJ, Zawieja DC, Gashev AA, Ray CA, Delp MD. Diminished mesenteric vaso-and venoconstriction and elevated plasma ANP and BNP with simulated microgravity. J Appl Physiol 104: 1273-1280, 2008. First published January 24, 2008 doi:10.1152/japplphysiol.00954.2006.-Diminished constriction of arteries and veins following exposure to microgravity or bed rest is associated with a reduced ability to augment peripheral vascular resistance (PVR) and stroke volume during orthostasis. We tested the hypothesis that small mesenteric arteries and veins, which are not exposed to large pressure shifts during simulated microgravity via head-down tail suspension (HDT), will exhibit decrements in adrenergic constriction after HDT in rats. Small mesenteric arteries and veins from control (Con; n ϭ 41) and HDT (n ϭ 35) male SpragueDawley rats were studied in vitro. Vasoactive responsiveness to norepinephrine (NE) in arteries (10 Ϫ9 to 10 Ϫ4 M) and veins (pressurediameter responses from 2 to 12 cmH2O after incubation in 10 Ϫ6 or 10 Ϫ4 M NE) were evaluated. Plasma concentrations of atrial (ANP) and NH 2-terminal prohormone brain (NT-proBNP) natriuretic peptides were also measured. In mesenteric arteries, sensitivity and maximal responsiveness to NE were reduced with HDT. In mesenteric veins there was a diminished venoconstriction to NE at any given pressure in HDT. Plasma concentrations of both ANP and NT-proBNP were increased with HDT, and maximal arterial and venous constrictor responses to NE after incubation with 10 Ϫ7 M ANP or brain natriuretic peptide (BNP) were diminished. These data demonstrate that, in a vascular bed not subjected to large hydrodynamic differences with HDT, both small arteries and veins have a reduced responsiveness to adrenergic stimulation. Elevated levels of circulating ANP or NT-proBNP could adversely affect the ability of these vascular beds to constrict in vivo and conceivably could alter the intrinsic constrictor properties of these vessels with long-term exposure.
arteries; veins; hindlimb unloading HUMAN CARDIOVASCULAR deconditioning resulting from bed rest or exposure to microgravity induces several adaptations affecting both central [e.g., attenuated baroreflex sensitivity (8) and stroke volume (33) ] and peripheral [e.g., altered skeletal muscle vascular reactivity (53) ] homeostasis. These perturbations manifest in a diminished capacity to perform and sustain exercise (50) , as well as orthostatic intolerance in some individuals (4, 38, 40) . Key mechanisms contributing to an altered regulation of mean arterial pressure (MAP) during orthostasis include an inability to augment peripheral vascular resistance (PVR) and stroke volume (4, 40, 57) , resulting in reduced cerebral perfusion (2) and, if not corrected, syncope.
Animal models have been used to simulate the effects of microgravity on the cardiovascular system of humans. Headdown tilt (HDT) in rats limits postural and locomotor activity, and HDT elicits many of the hemodynamic alterations that characterize the cardiovascular deconditioning that occurs in humans after prolonged bed rest or exposure to microgravity, including hypovolemia (35) , resting and exercising tachycardia (16, 37) , altered tissue perfusion (37, 60) , and arterial hypotension during head-up tilt (36, 58) . The diminished capacity to elevate PVR with simulated microgravity is due, in part, to reductions in vasoconstrictor responsiveness that have been shown to occur in a number of arterial segments, including abdominal and thoracic aorta (11, 13, 46, 47) , carotid and femoral arteries (47, 63) , and skeletal muscle arterioles (10) from HDT rats. In addition, vasoconstrictor responses of mesenteric arteries to elevations in transmural pressure (34) and norepinephrine (NE) (43) have been reported to be lower in HDT rats. The diminished cardiac output with HDT-induced cardiovascular deconditioning is principally due to a profound reduction in stroke volume (33, 60) . Stroke volume is primarily determined by the contractility of the heart and venous filling pressure (48) , the latter of which is dependent on central mobilization of venous volume via constriction of large-capacitance peripheral veins. Therefore, diminished adrenergic venoconstriction would result in an increased functional capacitance of veins, thereby attenuating venous filling pressure and reducing stroke volume via the Starling mechanism.
Using the HDT rat as a model of the cardiovascular deconditioning induced by microgravity, previous investigators have suggested that the hyporesponsiveness of the arterial vasculature is primarily the result of changes in the pressure or flow within blood vessels (62) . Therefore, this study was undertaken to investigate the effects of simulated microgravity on vasoand venoconstriction within a vascular bed not exposed to pressure or flow alterations with HDT, i.e., the mesenteric circulation (37) . Specifically, we tested the hypothesis that vasoactive responses to adrenergic stimulation will be diminished in vessels from the arterial and venous mesenteric circulation. Furthermore, we hypothesized that circulating levels of atrial (ANP) and brain NH 2 -terminal prohormone (NT-proBNP) natriuretic peptides, which are sensitive to postural fluid shifts and have the potential to alter the intrinsic vasomotor properties of peripheral arteries and veins, will be elevated in HDT rats. On the basis of findings from the latter set of experiments, we hypothesized that exposure to either ANP or brain natriuretic peptide (BNP) reduces the contractile responses evoked by adrenergic stimulation in arteries and veins in the mesenteric circulation.
METHODS

Materials and Methods
All procedures performed in this study were approved by the Texas A&M University and West Virginia University Animal Care Committees and conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Animals
Six-month-old male Sprague-Dawley rats were housed in a temperature-controlled (23 Ϯ 2°C) room with a 12:12-h light-dark cycle. Water and rat chow were provided ad libitum. The animals were randomly assigned to either cage control (Con, n ϭ 41) or 14-days head-down tail suspension (HDT; n ϭ 35) groups. The hindlimbs of the HDT group were elevated to an approximate spinal angle of 40 -45°via orthopedic tape adhered to the tail, which is a modification of techniques previously described (12, 59, 61) . Briefly, the animals were injected with pentobarbital sodium (30 mg/kg ip) to induce anesthesia. While anesthetized, the animal's tail was washed and dried, and a length of breathable nonelastic adhesive tape (Curity Porous tape, Kendall) with a hook attached to the end was placed on the proximal two-thirds of the tail, which allowed the end of the tail to remain unattached. The ends of the adhesive tape were further bonded to the tail with an additional adhesive (Goop) and allowed to dry for 20 min before suspension. Daily inspection of each animal's tail was performed, checking for discoloration of tissue damage from the suspension apparatus. The hook attached to the adhesive tape was connected by a small chain to a swivel apparatus fixed at the top of the cage. The height of the hindlimb elevation was adjusted to prevent the hindlimbs from touching supportive surfaces while the forelimbs maintained contact with the cage floor. This allowed free range of movement around the cage while achieving the desired experimental results. Control animals were individually housed and maintained in a normal cage environment while HDT rats were kept in the head-down position for 14 days. This time period has been shown to be sufficient to induce cephalic fluid shifts (25, 36) and produce cardiovascular alterations in HDT animals (10, 14, 35, 37, 43, 44, 58, 60) . After the experimental period, HDT and control animals were weighed and euthanized by injecting 40 mg/kg ip Euthanasia-5 Solution (HenrySchein, Port Washington, NY) without allowing the hindlimbs of the HDT rats to become weight bearing. The gastrointestinal tract was then carefully dissected free and placed in a 4°C filtered physiological saline solution (PSS) (pH 7.4).
Microvessel Preparation
Under a dissecting microscope, resistance arteries (ϳ200 m) and veins (ϳ300 m) from the mesentery were identified, dissected free from surrounding tissue, and transferred to a Lucite vessel chamber containing PSS-albumin solution (pH 7.4) equilibrated with room air and ambient temperature. One end of the microvessel was cannulated with a glass micropipette (ϳ50 m in tip diameter), and the outside of the vessel was securely tied to the pipette with 11-O ophthalmic suture. Any residual blood within the vessel was then flushed out with PSS solution under low positive pressure (ϳ5 cmH 2O). The other end of each vessel was then cannulated with a second pipette and secured with suture. After cannulation, the isolated vessel in the tissue chamber was transferred to the stage of an inverted microscope (Olympus IX71) coupled to a video camera (Panasonic BP310) and videomicrometer (307A, Colorado Video, Boulder, CO). Mesenteric arteries were then pressurized at 108 cmH 2O, which corresponds to in vivo arterial pressures in these vessels (18) . Mesenteric veins were pressurized at 4 cmH 2O, which is similar to that used by Dunbar et al. (15) . The vessels were allowed to equilibrate for 1 h at 37°C (PSS solution changed every 15 min) before vasomotor properties were characterized. Internal diameters were measured continuously throughout the experiment using the video caliper.
Experimental Design
Protocol I. Vasoconstrictor properties of mesenteric resistance arteries were characterized by determining maximal responsiveness and sensitivity to NE. Following cannulation and equilibration in PSS, concentration-response relations were determined by the cumulative addition of NE (10 Ϫ9 to 10 Ϫ4 M). Protocol II. Venoconstrictor properties of mesenteric veins were characterized by determining pressure-diameter relations before and after exposure to NE. Specifically, following cannulation and equilibration in PSS, intraluminal pressure was lowered to 2 cmH 2O and subsequently increased at 2 cmH 2O increments to 12 cmH2O. A starting pressure of 2 cmH2O was used because at 0 cmH2O the veins tended to collapse. Vessels were allowed 5 min to equilibrate at a given pressure before luminal diameter was measured. After the active pressure-diameter response was quantified, intraluminal pressure was set at 4 cmH 2O, and the vessel was incubated in 10 Ϫ6 or 10 Ϫ4 M NE (random order) for 20 min, and the pressure-diameter response was repeated as described above. On completion of all active responses, the bathing solution was replaced with Ca 2ϩ -free PSS for 60 min, on which the passive pressure-diameter response (same protocol as the active response) was quantified.
Plasma ANP and NT-proBNP Concentration
Both ANP and NT-proBNP were measured using radioimmunoassay from plasma samples (ALPCO Diagnostics, Salem, NH). Blood was obtained from control (n ϭ 28) and 14-day HDT (n ϭ 26) rats in the morning between 7 AM and 9 AM via puncture of the abdominal aorta and collected in EDTA tubes containing aprotinin (200 kallikrein inhibitory units/ml). The mean intra-assay variance for ANP was 5.2%, with an interassay variance of 6.6%. The sensitivity of the assay was 3.5 pg/ml. The mean intra-assay variance for NT-proBNP was 4.0%, with an interassay variance of 3.8%. The sensitivity of the assay was 4 fmol/ml.
Effects of ANP and BNP on Vascular Responsiveness
In a separate group of 6-mo-old male Sprague-Dawley rats (n ϭ 10), mesenteric arteries and veins were dissected, cannulated, and pressurized as described above. Vasoconstrictor properties of mesenteric resistance arteries and veins were characterized by determining maximal responsiveness and sensitivity to NE before and after incubation in either ANP or BNP. Following cannulation and equilibration in PSS, concentration-response relations were determined by the cumulative addition of NE (10 Ϫ9 to 10 Ϫ4 M). After completion of the control response, the PSS bathing solution was replaced every 15 min for 1 h to allow the vessel to reestablish spontaneous tone. Vessels were then incubated either ANP (10 Ϫ7 M) or BNP (10 Ϫ7 M) (random order) for 20 min, and the maximal responsiveness and sensitivity to NE were repeated as described above. Preliminary studies were conducted to ensure that vascular responses to NE were not altered by multiple dose-response tests.
Solutions and Drugs
The PSS buffer contained (in mM) 145 NaCl, 4.7 KCl, 1.2 NaH2PO4, 1.17 MgSO4, 2.0 CaCl2, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, and 3.0 MOPS at a pH of 7.4. Ca 2ϩ -free PSS buffer was similar to the PSS buffer except it contained 2 mM EDTA and the CaCl 2 was replaced with 2.0 mM NaCl. Concentrated stock solutions of NE were prepared in PSS buffer.
Statistical Analysis
Intraluminal diameters were measured throughout the duration of each experimental protocol. At the end of each experiment the vessel was placed in Ca 2ϩ -free bathing solution and rinsed several times over the course of 1 h to obtain a maximal diameter and wall thickness. The development of spontaneous tone is expressed as the percent constriction relative to maximal diameter and calculated as (D max Ϫ DB)/Dmax ϫ 100, where Dmax is the maximal diameter and DB is the starting baseline diameter. Within veins, pressure-diameter response curves are expressed as intraluminal diameter (m) as well as the percent change vs. the diameter at a given pressure during the active or passive protocols. Pressure-diameter and concentrationresponse curves were evaluated using repeated-measures ANOVA with one within factor (intraluminal pressure or concentration) and one between factor (experimental groups). Planned contrasts were conducted at each intraluminal pressure or concentration level to determine whether differences exist between experimental groups (control vs. HDT). To detect differences in sensitivity to NE, EC 50 values were designated as the concentration of NE that produces 50% of its maximal response. Student's unpaired t-test was used to determine whether differences in body mass, soleus muscle mass, soleus muscle-to-body weight ratio, developed spontaneous tone, maximal diameter, compliance, and EC 50 values were significantly different between groups. All values are presented as the mean Ϯ SE. A value of P Ͻ 0.05 was required for significance.
RESULTS
Soleus Muscle-to-Body Weight Ratio
The HDT rats weighed significantly less than their control counterparts (HDT 381 Ϯ 17 g vs. Con 423 Ϯ 11 g; P Ͻ 0.05). There was a significant atrophy of the soleus muscle in the HDT animals compared with controls (HDT 149 Ϯ 12 mg, Con 245 Ϯ 14 mg; P Ͻ 0.05), which resulted in a ϳ35% reduction in the soleus-to-body weight ratio (HDT 0.39 Ϯ 0.01 mg/g, Con 0.58 Ϯ 0.03 mg/g; P Ͻ 0.05). The latter is a hallmark of reduced skeletal muscle weight-bearing activity and confirms the efficacy of the HDT procedure (56) .
Vessel Characteristics
The maximal intraluminal diameter (determined in Ca 2ϩ -free solution) of the mesenteric arteries (at 108 cmH 2 O) and veins (at 4 cmH 2 O) was not different between Con and HDT animals ( Table 1 ). In arteries, both groups displayed a similar amount of spontaneous tone (ϳ20%; Table 1 ). However, at 4 cmH 2 O the mesenteric veins from control animals exhibited a greater level of spontaneous tone (control 16 Ϯ 6% vs. HDT 2 Ϯ 1%, P Ͻ 0.05). HDT did not affect the wall thickness or wall-to-lumen ratio in either mesenteric arteries or veins (Table 1) .
Mesenteric Artery Vasoconstrictor Responses
NE produced dose-dependent decreases in luminal diameter in mesenteric arteries from both Con and HDT animals (Fig. 1) . However, the contractile responses evoked by 10 Ϫ9 to 10 Ϫ4 M NE were lower in HDT. The maximal constriction induced by NE was significantly attenuated in arteries from HDT vs. Con (Table 1, Fig. 1 ). In addition, the sensitivity of mesenteric arteries from HDT to NE was lower than that from Con animals, as indicated by a higher EC 50 .
Mesenteric Vein Constrictor Responses
Lumen diameter increased nearly linearly (R 2 , Con 0.986 Ϯ 0.006, HDT 0.969 Ϯ 0.007) as a function of intraluminal pressure, and there was a downward shift in the pressurediameter response curve with exposure to NE (Fig. 2, A and B) . However, at any given pressure the percent venoconstriction with both 10 Ϫ6 and 10 Ϫ4 M NE was significantly reduced in HDT vs. Con vessels (Fig. 3, A and B) .
Plasma ANP and NT-proBNP Concentrations
Plasma ANP concentration was greater in HDT rats relative to Con animals (Fig. 4A) . Likewise, plasma NT-proBNP concentration was elevated in HDT rats (Fig. 4B ).
ANP and BNP Mesenteric Vaso-and Venoconstrictor Responses
Incubation in either ANP or BNP reduced the maximal NE-induced constriction in mesenteric arteries (Fig. 5A) and veins (Fig. 5B) . In addition, the attenuation of NE-mediated venoconstriction was greatest in the presence of BNP (Fig.  5B) . Contrary to the diminished maximal responsiveness, there were no differences observed in sensitivity to NE (EC 50 ) with ANP or BNP in either mesenteric arteries or veins. Incubation in ANP or BNP had no effect on spontaneous tone developed in either arteries or veins as well (data not shown).
DISCUSSION
This is the first study to demonstrate that cardiovascular deconditioning induced by simulated microgravity causes intrinsic deficits in vasoconstrictor function that are manifest in both arteries and veins of a tissue where arterial pressure and blood flow are not altered by the HDT intervention (37, 59) . Pathognomonic of the cardiovascular deconditioning induced by simulated (19, 35) and actual (4, 38, 40) microgravity is an attenuated ability to elevate vascular resistance, including that in the splanchnic circulation (37, 44, 60) . As MAP is the product of PVR and cardiac output, alterations in either variable without a compensatory change in the other would ad- ) and the baseline diameter. *P Ͻ 0.05 vs. control (Con) for the same vessel type.
versely affect the maintenance of MAP. Thus the diminished vasoconstriction observed in mesenteric arteries could reduce the ability of the cardiovascular system to increase PVR during orthostatic stress and redirect blood flow from the viscera to active skeletal muscles during exercise. The diminished venoconstriction would compromise peripheral mechanisms to centrally mobilize blood volume to positively affect venous return, atrial filling pressure, and, consequently, stroke volume. Given the large capacitance of the splanchnic vascular bed (49), the results presented herein provide a likely mechanism for the deconditioning-induced inability to mobilize blood volume from this region to support cardiac output and elevate splanchnic vascular resistance in the maintenance of MAP, both of which are critical cardiovascular adjustments to orthostatic and exercise stress.
Results from the present study, as well as those previously published demonstrating compromised vasoconstrictor function of mesenteric lymphatic vessels to HDT (21), give important insight into the mechanism of smooth muscle contractile dysfunction associated with microgravity in large segments of the arterial, venous, and lymphatic circulations, and potentially microgravity-induced smooth muscle contractile dysfunction associated with the uterus (5). For example, it was first proposed by Hargens et al. (24, 26) that headward fluid shifts associated with the removal of gravitational stress or headdown bed rest could alter vascular morphology and consequently vascular function. Indeed, increases in arterial pressure to the head of HDT rats stimulates increases in cerebral artery wall thickness (58, 59 ) and enhancement of cerebral artery vasoconstrictor function (22, 58, 63) . Conversely, decreases in arterial pressure to the hindlimbs of HDT rats induces a thinning of arteriolar wall thickness (12) and a reduction in arteriolar vasoconstrictor function (10) . Thus microgravity or simulated microgravity-induced alterations in the mechanical environment of vessels (i.e., vascular transmural pressure and shear stress) can serve as a potent stimulus to alter vascular structure and function. However, arterial, venous, and lymphatic smooth muscle contractile hyporesponsiveness (present study, 21) is unlikely to be the result of altered hydrostatic pressure or intravascular shear stress, since the mesenteric circulation is located at or near the hydrostatic indifference point (46, 59) and exhibits no alterations in blood flow during simulated microgravity (37) ; the absence of changes in arterial transmural pressure and shear stress are further demonstrated by the lack of change in mesenteric arterial structure with chronic HDT (present study, 34, 59 ). These results demonstrate that another factor, likely a systemic factor(s), is working to diminish smooth muscle contractile function in the arterial ( Fig. 1; Refs. 10, 11, 47), venous (Fig. 3; Ref. 15) , and lymphatic (21) circulations, and possibly smooth muscle contractile function throughout the body [e.g., uterine tissues (5)], with one notable exception. The cerebral circulation, where smooth muscle cells are shielded from circulating agents via the blood-brain barrier, is the only vascular bed to consistently show that smooth muscle vasoconstrictor function is not diminished in HDT rats (22, 58, 63) . Thus we propose that in addition to microgravity-induced alterations in vascular transmural pressure and shear stress, some circulating substance whose release is also likely associated with headward fluid shifts may stimulate alterations in intrinsic vascular function independent of the abovementioned mechanical influences. 
Smooth Muscle Hyporesponsiveness: Role of Natriuretic Peptides
Although alterations in a number of circulating factors accompany headward fluid shifts (7), ANP and BNP are two endogenous hormones released in response to fluid volume shifts which regulate fluid volume via Na ϩ excretion (3, 9) and have vasoactive properties (45) . Within smooth muscle, ANP and BNP selectively bind to the natriuretic peptide receptor Npra (20) and activate guanylyl cyclase to increase intracellular levels of the second messenger cGMP (45) . cGMP and its associated cGMP-dependent protein kinase are important modulators of vascular tone (28) . Specifically, cGMP-dependent protein kinase decreases cytosolic Ca 2ϩ by activating Ca 2ϩ ATPase, thereby lowering cytosolic Ca 2ϩ in the cell. cGMP also acts as a negative modulator of protein kinase C (PKC) activity, such that long-term exposure of smooth muscle cells to ANP inhibits PKC activity in a dose-dependent manner (31) .
ANP and BNP are also both potent inhibitors of ANG II-stimulated ET-1 production (23), the latter of which potentiates the vasoconstrictive action of NE (55) . The adrenoreceptor agonist NE binds to a G protein receptor and activates phospholipase C, resulting in the hydrolysis of phosphoinositide and the formation of inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). Subsequently, DAG activates PKC (42) and IP 3 induces the release of Ca 2ϩ from intracellular stores (1), resulting in smooth muscle contraction. Therefore, we propose that the elevated circulating levels of ANP and BNP associated with simulated microgravity in rats could serve to attenuate smooth muscle cell vasoconstrictor responsiveness to NE by inhibiting both PKC activity (51) and the formation of IP 3 (29) . Furthermore, smooth muscle cells throughout the body, with the exception of those protected by the blood-brain barrier, may be susceptible to contractile dysfunction via this systemic mechanism.
To our knowledge, the present observation that NT-proBNP is elevated with HDT is the first reported in the literature. However, the effects of HDT on ANP have previously been examined. Our observation that increases in circulating plasma levels of ANP occur during HDT is consistent with the ANPstimulated elevation in cGMP concentration in the rat choroids plexus with HDT and spaceflight (6) . However, others have also reported that plasma ANP concentrations are unchanged (41) or decreased (17) with HDT. The reasons for this discrepancy are unclear but may involve the length of HDT [14 days in the present study vs. 9 days (17)] or the hydration state of the animals.
On the basis of the findings of elevations in ANP and NT-proBNP with HDT (Fig. 4) , we tested the hypothesis that acute exposure to either of these peptides would reduce the contractile responses evoked by adrenergic stimulation. Indeed, exposure to either ANP or BNP reduced the maximal responsiveness of mesenteric arteries (Fig. 5A) and veins (Fig.  5B) to NE. Therefore, it is likely that the elevated concentrations of circulating ANP or NT-proBNP found in the present study and after spaceflight (6) contribute to the compromised ability to lower vascular conductance in the mesenteric circulation with postural changes. It should also be noted that these acute effects of ANP and BNP on vessel function will likely differ from those of chronic exposure in vivo, since mesenteric arteries and veins from HDT rats demonstrated an intrinsic hyporesponsiveness to NE with no ANP or BNP in the bathing solution (Figs. 1 and 3) . We propose that chronic exposure of smooth muscle cells to ANP, BNP or some other systemic circulating factor associated with HDT impairs their intrinsic contractile function (31) .
Mechanisms of Altered Mesenteric Vascular Function
Although not all studies have shown that HDT adversely affects arterial adrenergic vasoconstrictor responsiveness (34) , the preponderance of evidence demonstrates that simulated microgravity impairs arterial vasoconstrictor function (10, 11, 13, 27, 43, 47). Likewise, there is not uniform agreement in the literature regarding responses of HDT on the venous circulation. For example, Purdy and colleagues (47) found that simulated microgravity had no effect on femoral veins, whereas Dunbar and colleagues (15) found in large mesenteric veins that simulated microgravity abolished the NE-induced downward shift in the pressure-diameter response. Venular pressurediameter responses in vivo are regulated by sympathetic activity (54) primarily through ␣ 1 -adrenoreceptors (30, 32) . HDTinduced decreases in ␣ 1 -adrenoreceptors (52) may be partly responsible for the decreased sensitivity to NE observed in veins from several vascular beds [e.g., mesenteric veins (Fig. 3  of present 
Ramifications of Diminished Mesenteric Vaso-and Venoconstriction
The effects of diminished arterial and venular contraction could have several functional consequences. Within arteries, the attenuated vasoconstrictor responsiveness of splanchnic tissue could reduce the ability of the cardiovascular system to elevate PVR by as much as 25% during orthostasis (48) , which, in accordance with Ohm's law, could diminish the fidelity in which arterial pressure and regional blood flow are regulated. In support of this, rats exposed to simulated microgravity exhibit hypotension during an orthostatic challenge (35, 58) . Furthermore, following HDT there is a diminished ability to redistribute cardiac output during exercise such that the splanchnic bed receives a greater proportion of cardiac output than that of control rats (37, 44) ; this functional overperfusion of the splanchnic bed with exercise could limit the ability to match oxygen consumption to O 2 delivery in active skeletal muscles, resulting in premature fatigue. Constriction of peripheral veins is also requisite to augment atrial filling pressure to increase stroke volume (48) . Therefore, an attenuated venoconstriction (Figs. 3 and 5B) could diminish venous return and lower venous filling pressure. Indeed, a lower stroke volume has been estimated in HDT rats (33, 60) , which would contribute to the reduced maximal oxygen uptake observed in these animals (44) .
In conclusion, results from the present study demonstrate that, within the same vascular bed, there is a reduced adrenergic constriction of mesenteric arteries and veins. This adrenergic hyporesponsiveness occurs in a vascular bed where blood flow and arterial pressure alterations do not occur as a result of the HDT intervention (37, 59) . Therefore, this suggests that the HDT-induced vascular effects on smooth muscle cells in this region are mediated by a systemic circulating factor(s) rather than altered hydrodynamic mechanical influences. Consistent with this hypothesis is an elevation of plasma ANP and NT-proBNP concentrations in HDT rats (Fig. 4) , which can inhibit constrictor responses of mesenteric arteries (Fig. 5A) and veins (Fig. 5B) to adrenergic stimulation. These acute effects or the possible chronic effects of ANP and BNP to alter intrinsic vasomotor properties could occur through several mechanisms, including inhibition of PKC activity and the formation of IP 3 in smooth muscle cells. The diminished vasoand venoconstriction observed (Figs. 1 and 3 ) would likely affect the ability to augment peripheral vascular resistance and cardiac output during orthostatic and exercise stress. Thus the functional consequences of these vascular alterations may include orthostatic and exercise intolerance commonly associated with actual and simulated microgravity.
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